Major problems in treating breast cancer are the early detection of tumors and accurate biopsy of small volumes of breast (mamma) tissue. This report presents an elastic registration algorithm of two x-ray mammograms and a corresponding magnetic resonance imaging (MRI) volume. To cope with the soft tissue deformation of the breast during mammography, a two-dimensional model of breast deformation behavior is used as an elastic transformation. Normalized mutual information is employed as a measure of similarity. Regions of interest in the un compressed x-ray mammograms are projected into the MRI volume to determine their three-dimensional origin.
REGISTRATION OF MULTIMODAL BREAST IMAGES
Registering images of deformed mamma tissue is a difficult task because the female breast consists of deformable, mobile, inhomogeneous tissue, deforms varyingly.' and offers no internal structures (landmarks) discernible in each multimodal picture, eg, x-ray mammograms and MRI. Using this approach, the behavior of the mamma is simulated by a deformation model.
Modeling Compression
A limited number of studies concerned with the effects of deformation during mammography have been carried out so far. Novak' analyzed the use of markings applied to breasts during mammography. He successfully performed approximately 100 biopsies based on two x-ray mammograms according to his findings.
Novak's results are used to build our deformation model. The first assumption is that the relative distances of the tissue and the surrounding projection of the skin will remain the same during every compression process. Therefore, projections of the undeformed mamma displayed in the MRI volume are considered special cases of x-ray mammograms. Hence, the displacements of the inner structures can be calculated, depending on the behavior of the circumference of the projected breast. Another assumption is that of a declining angle to model the effects of gravitation and different patient postures at different mammographic projection angles. Based on these assumptions, our model provides a general relationship between different x-ray mammograms and the MRI.
Transformation
A transformation in two-dimensional space was developed for our registration algorithm to fulfill the compression model described above. An undeformed projection of the MRI is regarded as a special case of a compressed x-ray mammogram. Thus, the transformation matches the MRI projection to make it look like the mammogram (the MRI projection is "compressed" afterwards), or a mammogram to look like an MRI projection ("uncom- 
pressed" mammogram) (see Figs Ia and c).
For compressing an MRI projection, the transformation is carried out as follows: the MRI projection is first scaled to match the length of the breast in the x-ray mammogram in the direction towards the chest. Then the circumference of the MRI projection is scaled to the circumference of the x-ray mammogram. The inner structures are scaled nonlinearly, which means scaling, for every (pixel) row with a different scaling factor, resulting from the differences in the circumferences in that row. Then the MRI projection is compressed according to our model. In the neighborhood (:::!:::25°) of the estimated real projection angle of the x-ray mammogram, MRI projections are compressed and their similarity to the x-ray mammogram is computed as described in in the next section. The projection angle, al\lAX' of the best match, and the elongation of the breast due to compression, furnish the spatial correspondence of one x-ray mammogram to the MRI volume.
Measure of Similarity
To overcome the different modalities, a measure of similarity is chosen that copes with the nonlinear dependence of the different grey value functions in MRI and x-ray images, different distributions of noise, and unilateral absence of image structures. Studholme's" robust normalized mutual information (NMI) was therefore used. As he states, NMI assumes that the most prominent regions of the images must be aligned. This assumption is violated by aligning aT2-weighted MRI and an x-ray mammogram, because the fatty tissue is nearly invisible on an x-ray mammogram (dark grey), but prominent in MRI (bright grey). Hence, the fatty tissue must be segmented and removed from the MRI (Fig Ib) .
Back Projection
To locate the three-dimensional origin of a le-_ sion, two x-ray mammograms are required. First, the x-ray mammograms must be uncompressed. This is done the same way as the compression, but this time the circumference of the x-ray mammogram is scaled as shown in Fig Ie. The uncompressed x-ray mammograms are aligned to the MRI volume according to the parameters of the spatial correspondence. If the two x-ray mammograms display the same lesion, a beam vertical to the projection can be defined for each view. This beam would have imaged the lesion in an x-ray mammogram of an uncompressed breast (Fig 2) . The beams intersect at the three-dimensional position of the lesion within the MRI volume.
RESULTS AND DISCUSSION OF REGISTRATION EXPERIMENTS

Phantom Experiments
Phantoms based on real MRI data were built to test the precision of the algorithm under the as- Fig 2. Example of back projection. An MRIvolume is set to spatial correspondence with two "decompressed" x-ray mammograms. The same lesion is identified in both x-ray mammograms and for each a beam is defined into the threedimensional space. The beams intersect within the MRIat the lesion's three-dimensional origin.
sumption that the breast behaves as predicted in our model. Small lesions were defined within an MRI volume (::=::1.37 mrrr', the resolution of the datasets) on the vertical axis towards the chest through the nipple, in the middle of every quadrant and near the breast outline. X-ray mammograms (projection angles of -5°,0°,3°, 10°,30°,45°,60°) were simulated according to the compression model and the displacements of the lesions recorded. Noise, grey scale transformations (eg, random look-up tables), and imaging errors (eg, parts removed from the inner structures) were added. After processing the phantoms with our algorithm, all lesions were retrieved at their recorded locations down to the size of a voxel.
Experiments With Real Data
This approach extends the model by Novak insofar as undeformed projections of MRI volumes can be treated the same way as x-ray mammograms. Thus, their relationship can be described in terms of the projection angle, elongation of the breast due to compression, and two-dimensional compression simulation. In order to validate this assumption, experiments with three pairs of craniocaudal (cc) and mediolateral-oblique (mlo) x-ray mammograms and an MRI volume were carried out, and the plausibility of the projection angles and the percentage of elongation of the breast due to compression were examined. The equation a ee = 0°is an estimated projection angle for cc RUITER ET AL (head to feet), and a rn o = 45°is the estimated projection angle for an mlo (shoulder to opposite hip) x-ray mammogram.The projection angles are given as estimates, as the exact angles vary by ±25°and are not recorded during mammography. MRI projections between -180°and 180°in steps of I°were matched to cc and mlo x-ray mammograms, respectively, and NMI was computed for each pair of an MRI projection and an x-ray mammogram. The results of this experiment (Table 1) confirm the assumption that it is possible to match MRI volume and x-ray mammograms. The parameters of spatial relationship are plausible. The variation in dataset no.3 is caused by the fact that the whole trunk of the patient was rotated approximately 10°.
CONCLUSION
Our approach shows very promising results in matching the MRI volume and x-ray mammograms, despite the compression applied to the breast during mammography. The compression model employed is an averaging model because it does not deal with the inhomogeneous behavior of the different types of tissue. It assumes a homogeneous distribution of the compression force, which makes it a simplified model. For more detailed modeling, see a recent approach to modeling the breast by means of the finite element method' or an approach to modeling the nonlinearity of the deformation."
The averaging model makes this approach applicable to any patient, because no advance diagnosis is necessary. No time-consuming, user-involving preprocessing is needed for landmark detection or segmentation. This makes our approach promising for clinical application. It can be used to fuse MRI and x-ray data for multispectral diagnosis and help locate lesion within the MRI volume which are only visible in x-ray mammograms. A clinical study is planned to provide more detailed results in validation of our approach.
